The glycoside hydrolase 18 (GH18) family of chitinases is a multigene family that plays various roles, such as ecdysis, embryonic development, allergic inflammation and so on. Efforts are still needed to reveal their functional diversification in an evolutionary and systematic manner. We collected 85 GH18 genes from eukaryotic representatives. The domain architectures of GH18 proteins were analyzed and several conserved patterns were identified. It was observed that some (11 proteins) GH18 members in Ecdysozoa or fungi possess repeats of catalytic domains and/or chitin-binding domains (ChtBs). The domain repeats are likely to meet requirements for higher efficiency of chitin degradation in chitin-containing species. On the contrary, all vertebrate GH18 proteins contain no more than one catalytic domain or ChtB. The results from homologous analysis, domain architectures, exon arrangements and synteny loci supported two evolutionary paths for the GH18 family. One path experienced gene expansion and contraction several times during evolution, covering most of GH18 members except CHID1 (stabilin-1 interacting partner) and its homologs. Proteins in this path underwent frequent domain gain and loss, as well as domain recombination, that could achieve versatility in function. The other path is comparatively conserved. The CHID1 gene evolved without gene duplication except in Danio rerio. Domain architectures of CHID1 orthologs are all identical. The diverse phylogeny of the GH18 family in arthropod is also presented.
Introduction
Chitins, the polymers of β-N-acetylglucosamine, are the major components of the scaffold of fungal cell walls, arthropods' exoskeleton. They were also the constituent of nematode cuticle and egg shells. They are known to be hydrolyzed by the GH18 family of chitinases (EC3.2.1.14). The GH18 family can be further divided into enzymatically active chitinases and enzymatically inactive chitolectins. The latter lacks the key active-site glutamate residue that donates a proton required for catalysis, but retains three-dimensional TIM structure and active-site oligosaccharide-binding ability (Houston et al. 2003) .
Generally, the GH18 family members present a multidomain architecture, which are the various combinations of signal peptide, catalytic domains, ChtBs and serine/threonine (S/T)-rich linkers (Tellam 1996) . The catalytic domain is in TIM barrel structure composing of eight β/α motif which helps to catalyze various chitins efficiently. ChtBs facilitate hydrolysis of insoluble via aromatic residues but not soluble chitin (Shen and Jacobs-Lorena 1999) . The catalytic domain and ChtB are usually connected by an S/T-rich linker. The highly glycosylated linker could protect chitinase from proteolysis (Arakane et al. 2003) .
The fundamental function of the GH18 family is chitin hydrolysis. Besides, they perform diverse physiological functions in different species. In Saccharomyces cerevisiae, the GH18 family is required for cell separation during growth. Disruption of the family gene leads to defection in cell separation (Kuranda and Robbins 1991) . In filamentous fungi, the GH18 family is involved in the processes of cell wall degradation and modification, e.g. spore germination, tip growth, branching of hyphae, spore differentiation, autolysis and mycoparasitism (Adams 2004) . It was also reported that the GH18 family participated in remodeling processes during the molting of filarial nematode and the hatching of larvae from the eggshell (Arnold et al. 1993; Adam et al. 1996) . In Crassostrea gigas of Lophotrochozoa, active chitinases are involved in early embryonic development and function as immunity effectors, whereas enzymatically inactive imaginal disc growth factors (Idgfs) may function in the control of growth and extracelluar matrix component synthesis (Badariotti et al. 2006 (Badariotti et al. , 2007 . In insect, GH18 members are further grouped by enzymatic properties such as substrate preference, pH optimum and glycosylation (Zhu, Deng, et al. 2004; Zhu, Arakane, Banerjee, et al. 2008; Zhu et al. 2008a) . They also differ in developmental patterns (Zhu et al. 2008b ).
Chitin disappeared when life evolved to higher forms. In mammals, exogenous chitin induces accumulation in tissue of innate immune cells associated with allergy (Reese et al. 2007) . The GH18 family is closely related to allergic inflammation and other immunity (Baeten et al. 2000; Donnelly and Barnes 2004; Zhu, Zheng, et al. 2004; van Eijk et al. 2005) . They are also involved in degradation of chitin-containing pathogens as part of host defense mechanism. Furthermore, the GH18 family is found to promote growth in insect, Lophotrochozoa and mammals (Volck et al. 1998; De Ceuninck et al. 2001; Tsuzuki et al. 2001; Badariotti et al. 2006) .
Currently, there are two GH18 members in S. cerevisiae, 18 in filamentous fungus Aspergillus nidulans, 35 in Caenorhabditis elegans, 17 in Drosophila melanogaster, 8 in Danio rerio, 9 in Mus musculus and 6 in Homo sapiens. Although many works have been done to reveal the structural and functional features of the GH18 family and their evolutionary lineage (Bussink et al. 2007; Funkhouser and Aronson 2007) ; however, there is not yet a global and dynamic view due to the limitation of data, especially the inadequate information of some evolutionarily important species for the GH18 family like Crustacea. Crustacea is a typical class of Ecdysozoa in which the GH18 family is required to maintain their normal physiological activities. It plays an important role in the arthropods-nematodes evolution and the origin of insects. Recent molecular evidence suggests that Crustacea may have successfully invaded land as insects (Aguinaldo et al. 1997; Glenner et al. 2006) . Unfortunately, limited explorations of the GH18 family have been made in Crustacea comparing to that in its sibling insect. In this study, we chose Litopenaeus vannamei, as the representative of Crustacea, that is incorporated into the phylogenetic study of the GH18 family on a large scale in eukaryotes. Furthermore, the structural, functional and evolutionary patterns of the GH18 family were systematically investigated from various aspects.
Results and discussion

Domain architecture
Generally, proteins of the GH18 family are the combinations of following structural/functional elements: a signal peptide (symbol as S here), no/one/several S/T-rich linkers (symbol as L), one or up to five repeating GH18 catalytic domains, no or up to five repeating chitin-binding domains (symbol as ChtB). Signal peptide is normally the indicator of secretory protein.
It is generally agreed that most secretory GH18 proteins own a signal peptide to guide them out of cells. Exception was reported that a GH18 protein isolated from the Gram-negative bacterium Serratia marcescens can be exported out to the periplasm via an unknown mechanism without a typical signal sequence (Brurberg et al. 1995) .
The catalytic domain is required for the GH18 family. According to the key residue in the catalytic center, catalytic domains of GH18 proteins can be further sub-grouped into two types: with a glutamate residue or with other residue in the catalytic center, symbol as GH18E or GH18N, respectively, in this article. The glutamate residue is a proton donor, and mutation of the residue leads to the loss of catalytic activity. GH18N is normally present in chitolectins, e.g. Chi3l1 of human and Idgfs of insects. Chitolectins lack enzymatic activity but retain active-site chito-oligosaccharidebinding ability (Bussink et al. 2007; Zaheer ul et al. 2007 ). They acquired new functions, e.g. inflammation, tissue remodeling by Chi3l1 (De Ceuninck et al. 2001 ) and the control of growth by the Idgf (Kawamura et al. 1999) . The acquirement of novel functions is accompanying with the expansion of the gene family, in many cases, via gene duplication. For examples, 21 out of 35 members in C. elegans contain a single GH18N domain (Table I ). These 21 genes located at two homologous clusters in chromosome II of C. elegans. Their physiological roles remain unknown at present.
GH18 ChtBs (named as CBM14 in the CAZy database) bind to insoluble chitin and help to degrade them. Absence of the domain does not affect the ability of the enzyme to degrade the soluble substrate, but abolishes its ability in hydrolysis of insoluble chitin (Tjoelker et al. 2000) . ChtBs bind to insoluble chitin via highly conserved aromatic residues. There exist two types of ChtBs: type I ChtBs (ChtB1) are composed of eight conserved cysteine residues forming four disulfide bonds, while type II ChtBs (ChtB2) contain six conserved cysteine residues. ChtB1 are usually found in the GH19 family of chitinases. In our study, we found that ChtB1 existed in the GH18 family of A. nidulans and C. elegans, but disappear in arthropods and higher animals. The chitinbinding domains in arthropods and higher animals are all ChtB2. Some GH18 members are free of ChtBs. CHT4 and CHT9 of D. melanogaster are neighboring gene pairs in chromosome 2R which share 64% protein sequences identity in their catalytic domains. It is interesting that Cht4 keeps the ChtB domain, while Cht9 lost the domain. Similar phenomena are also observed in Gallus gallus. CHIA1, CHIA2 and CHIA3 of G. gallus are paralogs (Table II) that their catalytic domains are highly similar in protein sequences. However, Chia1 and Chia2 own ChtBs but Chia3 lost. These findings suggest that the loss of the ChtB domain may happen during the gene duplication.
The S/T-rich linker is a serine (S)-and threonine (T)-rich region that normally presents on the side of signal peptides, catalytic domains or ChtBs. The linker was also found in the C-terminal of a protein, e.g. oviductal glycoprotein 1 (Ovgp1) of human and mouse (Malette et al. 1995) . No linker was found in the protein with a single catalytic domain. It was proposed that the glycosylation of the S/T linker may help to resist the hydrolysis of proteases (Arakane et al. 2003) . Some S/T-rich linkers are further identified as PEST motifs (Rechsteiner and Rogers 1996) . The S/T linkers vary in their lengths and contents of serine and threonine in GH18 members. The longest S/T linker was found in Cht6 of D. melanogaster, which are 3900 amino acid residues in length. The S/T linkers not only flexibly connect domains but also act as acceptor sites for glycosylation that help to stabilize chitinase in the presence of protease. The protease sensitivity depends on amino acid compositions as well as the size of the linkers (Quentin et al. 2002) . The degree of glycosylation apparently increases with the length of the linkers, which make chitinases more stable against proteases.
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Conclusively, totally 18 distinct patterns of domain architectures were identified from the representative GH18 members. According to the complexity of domain architecture, these patterns were further summarized as three groups: one catalytic domain without ChtB and one catalytic domain with one ChtB and multiple domains (Table I) . Some patterns are common and generally found in the GH18 family of different species. For example, the S + GH18N pattern is a typical pattern detected in 15 of 16 vertebrate GH18 chitolectins and all the Idgfs of invertebrate species. As reported, chitolectins are likely secreted to the extracellular matrix where they bind to chito-oligosaccharide components, thus provide a physical basis for tissue remodeling and allergy (Kawamura et al. 2007; Zaheer ul et al. 2007; Sutherland et al. 2009 ). S + GH18E + L + ChtB2 is another common pattern found in enzymatically active GH18 members from S. cerevisiae to H. sapiens, except for C. elegans. It is noticed that some patterns are species-specific, e.g. a single domain pattern GH18N for 21 C. elegans members. As our observation, GH18 members with multiple domains (multiple catalytic domains or/and multiple ChtBs) are mainly found in Ecdysozoa and fungi, except for C. intestinalis. Multiple catalytic domains may function synergistically to elevate the catalytic activity toward exoskeletons or cell walls which contain high chitin content. An archaeon (Thermococcus kodakaraensis) GH18 member was reported previously to carry out the exo-and endo-type hydrolysis reactions by two catalytic domains, which present a synergistic effect on efficient chitin degradation (Tanaka et al. 2001) . Multiple ChtBs within a GH18 member could provide higher binding ability (Arakane et al. 2003; Kikkawa et al. 2008) . Similar phenomena were also observed in glycoside hydrolases that removal or addition of cellulose-binding domains can reduce or enhance, respectively, the ability of cellulase to degrade crystalline cellulose (Chhabra and Kelly 2002) .
Domain repeats
Domain repeats are observed in many eukaryotic proteins. Among the selected eukaryotic GH18 members, 11 were found to have domain repeats, including catalytic domains and ChtBs. The repeat numbers of the catalytic domain vary both inter-proteins and inter-species, ranging from one to five. For example, Cht10 of D. melanogaster contains four catalytic domains, one less than its insect homolog Cht10 of Tribolium castaneum. The domain repeats only happen to the GH18 family of Ecdysozoa and fungi; in vertebrates, all GH18 members contain no more than one catalytic domain or ChtB.
The numbers of ChtBs in GH18 proteins vary from zero up to five in chitin-containing organisms. ChtB is an acquired domain for chitinase thus has relatively independent evolutional history other than chitinase. Higher activity against insoluble chitin is likely the driving force for acquisition of ChtBs during chitinase evolution (Shen and Jacobs-Lorena 
The domains were labeled as following: S, signal peptide; L, S/T-rich linker; GH18E, GH18 catalytic domain containing glutamate residue in the active center; GH18N, GH18 catalytic domain containing other residue in the active center; ChtB1, type 1 chitin-binding domain; ChtB2, type 2 chitin-binding domain. The names of species were abbreviated as following:
The GH18 family of chitinases 1999). It was observed that GH18 members with multiple ChtBs appeared mainly in the Ecdysozoa and fungi, e.g. two for Cht1 of C. elegans, five for Cht10 of T. castaneum and two for Cht4 of L. vannamei. In vertebrates, the GH18 family tends to recruit less ChtBs. The enzymatically active GH18 members have no more than one ChtB, while chitolectins have no ChtB in vertebrates. Domain repeats was proposed as the consequences of exon shuffling (Bjorklund et al. 2006) . To seek the possible causes of domain repeats in the GH18 family, the domain architectures of currently known 21 Cht10 orthologs were compared as an example in this study. As shown in Figure 1 , the Cht10 orthologs present a similar domain architecture of S[0,1] + (GH18N + ChtB2)[0,1] + GH18N + ChtB(3) + GH18E(2) + ChtB2 + GH18E. Sequence comparisons further showed varieties in amino acid compositions between domain repeats, which suggest the different mechanisms of protein evolution. For example, Cht10 of T. castaneum contains five catalytic domain repeats. The latter three repeats from the N-terminal share 70% amino acid identity with each other, while they share averagely 36% identity with the first catalytic domain repeat and 32% identity with the second catalytic domain repeat. The first two catalytic domains repeats only share 32% sequence identity between each other. The different levels of homology in sequence suggest that these five repeats of the catalytic domain may expand in different mechanisms or at different evolutionary time. More, the first two were the inactive catalytic domain, while the latter three were active. This indicated the function separation between them. The three catalytic domain repeats from C-terminal of Cht10 homologs share higher amino acid identity between each other within either species than between species. This suggests that the domain repeats may duplicate in a pattern of three catalytic domains together and then evolve independently thereafter. Further analysis (Figure 1 ) on exon arrangements of Cht10 genes found that some repeats, e.g. the N-terminal three ChtBs of Cht10 in D. melanogaster, were located within one large exon. Other repeats were spread over different exons, e.g. the second GH18E catalytic domain of Cht10 in D. melanogaster from N-terminal. As the results, exon shuffling may not be the only mechanism that induced domain repeats in the GH18 family. The domain architectures of Cht10 orthologs in several species are marked in the filled box (Figure 1 ). They showed fewer domains compared with the orthologs listed above. However, not polyA signal could be found in the mRNA sequence of these orthologs except for Bombyx mori and shrimps. Whether the current reading frame contained the completed sequence remains to be validated.
To date, the biological roles of domain repeats observed in the GH18 family have not been fully understood yet. It is acknowledged that the ChtB repeats may improve their binding abilities against very diversity of chitins. Previous research also suggested that repeats of the catalytic domain may action synergistically in efficient degradation of chitin (Royer et al. 2002) . Moreover, it was proposed that domain repeats may be related to protein maturation (Ouwendijk et al. 1998) . Unfortunately, no direct experimental evidence was found for the GH18 family yet.
Evolution paths of the GH18 family By homologous search in the whole genomes of eight eukaryotic representatives, totally 85 GH18 chitinases were identified, including 2 in S. cerevisiae, 35 in C. elegans, 17 in D. melanogaster, 8 in D. rerio, 4 in Xenopus tropicalis, 4 in G. gallus, 9 in M. musculus and 6 in H. sapiens. The IDs of these sequences in Ensembl or GenBank were listed in Fig. 1 . Domain repeats in CHT10 orthologs. The domains were labeled as following: S, signal peptide; GH18E, GH18 catalytic domain containing a glutamate residue in the active center; GH18N, GH18 catalytic domain containing other residue in the active center; ChtB2, type 2 chitin-binding domain. The names of species were given at the left side of the domain architecture. Their transcript and protein IDs were listed in the Supplementary data, Table SI. Exon arrangements for CHT10 of T. castaneum and D. melanogaster were also provided for rough indication of the domain position in gene. Each block stands for an exon. The filled blocks are translated regions, whereas the unfilled blocks are non-translated regions. The numbers under the blocks are the length of the exon (in base pair), and the numbers in parenthesis indicate the length of translated regions where an exon contains a non-translated region.
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Supplementary data, Table SI. As well, genes of a typical representative of Crustacea, L. vannamei, were included to facilitate the functional and evolutionary study of GH18 from nematodes to arthropods. They are LvCHT1 (Huang et al. 2010 ) (GenBank ID: EU883591), LvCHT2 (FJ888479), LvCHT3 (EU381118), LvCHT4 (FJ888480), LvCHT5 (FJ888481), LvCHT6 (GQ916594) and LvCHID1 (GQ916595).
The homology of GH18 genes was presented in Table II . For the two GH18 members of S. cerevisiae, no ortholog of CTS1 was found in the other eight selected species. But sequence alignment did identify similar sequences only in fungi, i.e. AN8217.2 and AN8241.2 of A. nidulans. CTS2 was likely to share common ancestry with most GH18 genes in multicellular organisms. Caenorhabditis elegans owns the largest family of GH18 genes, which contains 35 members; 32 of these genes may derive from CTS2 of S. cerevisiae, and the remaining 3 may have different origins. Interestingly, among the 35 GH18 genes of C. elegans, only two members (CHT1 and C44C1.2) have descendants, and others just lost in arthropods like D. melanogaster and higher organisms. It was also noticed that CHT7 in D. melanogaster, ortholog of CHT1 in C. elegans and CTS2 in S. cerevisiae, might be the recently common lineal ancestor of most vertebrate GH18 genes except CHID1 (stabilin-1 interacting partner). The assignment was also supported by previous findings (Funkhouser and Aronson 2007) . CHT1 was reported to play a role in embryogenesis, cuticle degradation during molting and host defense (Wu et al. 2001) . The CHT1 and its paralogs/orthologs intra-/inter-species are likely composed of the major evolution path of the GH18 family. Gain and loss of genes in this path was frequently observed.
Another relatively conserved path finally leads to CHID1 in human. Protein of CHID1, normally named stabilin-1 interacting partner, can interact with the endocytic/sorting transmembrane receptor stabilin-1. It can be up-regulated by the Th2 cytokine IL-4 or dexamethasone in alternatively activated macrophages and be secreted via the lysosomal pathway (Kzhyshkowska et al. 2006) . It is interesting that no ortholog was found in S. cerevisiae or A. nidulans. Among the other eight selected eukaryotic representatives, seven contain only one CHID1 gene copy. CHID1 gene of D. rerio has two paralogs (CHID1A and CHID1B), sharing 98% amino acid identity (Table II) .
To illustrate the consanguinity of the GH18 family, a rooted phylogenetic tree was constructed based on the relatively conserved catalytic domain using the catalytic domain of a GH18 chitinase (AAC72236) of Vibrio cholerae as a controlling outlier ( Figure 2 ). As shown, two groups were obviously observed, which was well agreed with the results of Table II .
Exon arrangements
The exon arrangements of GH18 genes were compared, and the examples were illustrated in Figure 3 . By comparing the 28 homologous genes of ScCTS2, it was found that the exon number of CTS2 and its homologs grows from 1 exon in S. cerevisiae, 4 exons in C. elegans and 7 exons in D. melanogaster orthologs to 10 exons in vertebrates ( Figure 3A) . It was noticed that all the vertebrate homologs are relatively conserved in their exon arrangements. They possess almost the same exon number, exon length and exon order. The conservation of exon arrangements was also observed in homologs of human CHID1 gene in chordates, including H. sapiens, M. musculus, G. gallus, X. tropicalis and D. rerio. Most of these homologous genes have 12 exons, and these exons are similar in both length and order ( Figure 3B ). These further support our consanguinity assignment in Table II . Comparing with enzymatically active chitinase (CHIA and CHIT1), chitolectins lost their C-terminal exon encoding the Fig. 2 . Phylogenetic tree of the GH18 family. The trees were constructed on the catalytic domain sequences of GH18 members using the neighbor-joining methods provided by the software MEGA4 with the Poisson correction for multiple amino acid substitutions. For proteins with multiple catalytic domains, each domain was included in the tree and numbered ascendingly from N to C terminal, e.g. the two catalytic domains of Cht7 in D. melanogaster from N to C terminal were named as DmCht7-1 and DmCht7-2, respectively. Bootstrap values after 1000 random replications were given. The catalytic domain of a GH18 chitinase (AAC72236) of V. cholerae was used as an outlier of the tree.
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ChtB domain except OVGP1. The C-terminal exon of OVGP1 encodes a long S/T linker. It was proposed that chitolectins may evolve through gene duplication of active chitinases followed by non-synonym mutations (Bussink et al. 2007 ). Loss of ChtB-encoding exon is also involved in the evolution of chitolectins. For example, Chia3 of G. gallus does not contain the ChtB domain (Table I) , while its paralogs retained this domain.
Chromosomal localization in vertebrates
The genomic synteny of the mammalian GH18 family supported the common ancestor of mammalian GH18 genes (Bussink et al. 2007) . Chromosomal distributions of all vertebrate GH18 genes except CHID1 were illustrated in Supplementary data, Figure S2 . The six homologous members in D. rerio are located on two clusters: zgc:56053, zgc:55941 and zgc:55406 neighbor on chromosome 11, and zgc:63792, zgc:173927 and zgc:65788 cluster on chromosome 23. Similar chromosomal distributions of GH18 genes were also observed in mouse and human. Only one cluster was found in X. tropicalis and G. gallus. As observed, GH18 genes displayed a high degree of synteny among vertebrates, which supports our previous results that vertebrate the GH18 family except CHID1 may share the common ancestor.
Gene expansion and contraction
Gain and loss of genes were obviously observed during the evolution of the GH18 family (Table II) . As shown, the majority of GH18 members in C. elegans just lost in arthropods and higher organisms, and only two members (CeCHT1 and CeC44C1.2) have descendants by homologous analysis. The CeCHT1 gene was later expanded to 16 orthologs in D. melanogaster. Similar phenomena were also observed during the evolution from D. melanogaster to D. rerio and from M. musculus to H. sapiens. Even in the same class of fungi, two species may contain substantially different numbers of GH18 genes, e.g. S. cerevisiae (2 members) and A. nidulans (18 members) (Supplementary data, Figure S1 ). Large-scale GH18 gene duplication occurred in A. nidulans to satisfy its particular need in cell expansion and division, spore germination, hypal branching and septum formation (Adams 2004) . It looks that the GH18 family was proceeding in a birth-and-death evolutional model during speciation and diversification.
Gene gain and loss is an important source of functional innovation (Lynch and Conery 2003) . Besides the basic function of chitin degradation, the GH18 family acquired new biological function via frequent gene gain and loss, e.g. promoting growth of the IDGF (Kawamura et al. 1999; Badariotti et al. 2007 ). However, some researchers proposed that duplicated genes rarely diverge with respect to biochemical function, but typically diverge with respect to the regulatory control (Wapinski et al. 2007) . As data from the worm website (www.wormbase.org), only CHT1 and C25A8.4 of 35 C. elegans GH18 family members have relatively large EST numbers. Three genes CHT1, C25A8.4 and F15A4.8 show the RNAi phenotype. In another nematode Acanthocheilonema viteae, three GH18 genes were found and only one was expressed and involved in the moulting (Tachu et al. 2008) . It was also found that different groups of GH18 members showed different gene expression profiles and tissue specificities in T. castaneum (Zhu et al. 2008b ). These results suggest that duplications of GH18 gene in one species may be more relevant with regulatory control.
Evolutionary and functional diversification of the GH18 family in arthropods Arthropods are marked by their chitin exoskeleton and moulting. In this study, four representatives of arthropod, L. vannamei, D. melanogaster, B. mori and Ixodes scapularis, were chosen to explore the evolutionary and functional change of the GH18 family in arthropods. Drosophila melanogaster, the representative of Insecta, is the currently best studied species in arthropods. As the availability of whole genome data, the GH18 family has been fully explored that 17 members were identified from the fruit fly (Zhu, Deng, et al. 2004 ). Most of these 17 members lost in D. rerio and higher organisms, except CHT7 and CHID1. Protein of CHT7 contains two active catalytic domains and a ChtB domain. In T. castaneum, this protein is required for abdominal contraction and wing/ elytra extension immediately after pupation and it is expressed throughout all the developmental stages (Zhu et al. 2008b ). Orthologs of CHID1 in vertebrates interact with stabilin-1 and are secreted from the lysosome. The domain architecture of S + GH18N is likely to be the structural basis for its secretion and interaction. As the representative of Chelicerata, I. scapularis owns 23 members. Seven GH18 members from L. vannamei which is a typical species of Crustacea were included in this study. Bombyx mori, the representative of insect Lepidoptera, is also chosen because of its special bacterialtype GH18 member (Daimon et al. 2003) . Totally, 50 protein sequences containing at least one full GH18 catalytic domain were used to construct the phylogenetic tree.
As shown in Supplementary data, Figure S3 , the phylogenetic tree was clustered into six groups with the suggestions of previous results on the insect GH18 family (Zhu et al. 2008b) . Accordingly, six individual phylogenetic trees were constructed ( Figure 4A and B) . Most members of group 1 have a common S + GH18E + ChtB domain pattern except LvCht4 which possesses one more ChtB. Insect members of this group are secreted into the molting fluid and involved in molting. But for crustacean members LvCht1 and LvCht3, their orthologs in Miscanthus japonicus were likely involved in the digestion of chitin-containing food rather than in molting (Watanabe et al. 1996 (Watanabe et al. , 1998 . Group 2 contains DmCht10, LvCht2 and BmChiRl. Cht10 in insect serves an irreplaceable function during the molting process (Zhu et al. 2008b) . Group 3 contains Cht7 of D. melanogaster and EEC00162.1 of I. scapularis. They were both with the domain pattern of S + GH18E(2) + ChtB. DmCHT7 is the recently common lineal ancestor of most vertebrate GH18 genes except CHID1. Members of group 4 are relatively divergent. They contained no or one ChtB. Functions of group 4 members are still unclear yet. Group 5 contains all Idgfs of insect, which are involved in the growth promotion (Kawamura et al. 1999; Badariotti et al. 2007 ). Group 6 is isolated from the other five groups that it includes only 10 members of I. scapularis. It looks that genes of this group are Q-S Huang et al.
species-specific. Their functions are unknown yet. Two proteins, DmChid1 and BmChi-h, cannot be properly assigned into any of these six phylogenetic trees. They may be proceeding in different evolutionary paths other than ScCTS2 orthologs as described in Table II . The bacterial-type GH18 member, BmChi-h, is found in B. mori and other lepidopteran species. It has exo-type substrate preference and plays a role in chitin degradation during molting (Daimon et al. 2005) . When blasting the protein sequence of BmChi-h against known genomes of insect, eight homologous genes were identified that all belong to lepidopteras. This result supported the previous hypothesis of bacterium or baculovirus origin of BmChi-h via horizontal gene transfer (Daimon et al. 2003) . The function of DmChid1 remains unclear yet; however, its homologs in vertebrates are stabilin-1 interacting proteins, which may be the clue for future functional annotation.
Conclusion
The complex domain architecture is frequently observed in the GH18 family of moulting animals, especially in arthropods. Many of them contain repeats of catalytic domains or ChtBs. The domain repeats of catalytic domains or ChtBs provide GH18 proteins catalytic ability or higher binding to countermine diverse forms of chitins and higher efficiency of chitin degradation. In this study, totally 18 distinct patterns of domain architectures were identified from GH18 members of nine representative organisms. These include both proteins of complex and simple domain architectures. The diversity of domain architectures fulfills the need for degradation of chitin not only in different stages, e.g. premolt and intermolt, but also in different tissues, e.g. epidermis and peritrophic membrane.
Combining the results of homologous analysis, domain architectures, exon arrangements and synteny loci, two major evolutionary paths of GH18 genes from invertebrates to vertebrates were verified. The result is consistent with previous study (Bussink et al. 2007; Funkhouser and Aronson 2007) . One path experienced frequent gene birth and death. Majority of GH18 genes except CHID1 evolved in this path. Enzymatic function of degrading chitin is conserved throughout this path. Novel functions, e.g. control of growth and allergic inflammation, were gained during evolution in a species-specific manner. The domain patterns are also divergent to meet the functional requirement in this path. The second path illustrates the relatively conserved evolutionary process of CHID1. All CHID1 possessed very similar domain architecture.
Seven GH18 members from shrimps were first incorporated into the phylogenetic study of the GH18 family. The four representative species in the arthropod showed various evolutionary patterns of the GH18 family.
Materials and methods
The gene and protein sequences of the GH18 family The gene and protein sequences of the GH18 family in eight representatives of eukaryotes were mainly derived from either the Ensembl genome database (release 55) or the NCBI Fig. 4 . Six phylogenetic trees of GH18 members in arthropods. Two representatives of Insecta: D. melanogaster (Dm), B. mori (Bm), L. vannamei (Lv) of Crustacea and I. scapularis (Is) of Chelicerata were included in the trees. The chitinases of L. vannamei cloned in the study were labeled with black circles. The trees were constructed on the catalytic domain sequences of GH18 members using the neighbor-joining methods provided by the software MEGA4 with the Poisson correction for multiple amino acid substitutions. Bootstrap values after 1000 random replications were given. The first three groups were presented in (a), whereas the latter three were presented in (b).
The GH18 family of chitinases GenBank database. The CAZy database (Cantarel et al. 2009 ; http://www.cazy.org/) are also helpful for obtaining the GH18 family. Taxonomy of these selected organisms, their unique NCBI entry IDs and annotation versions were listed in Supplementary data, Table SI. The exon information of GH18 genes were derived from the Ensembl genome database. The genomic synteny of GH18 genes were acquired from the Map viewer of NCBI.
Assignment of orthologs and paralogs of GH18 genes
The assignment of GH18 gene orthologs and paralogs in nine species (H. sapiens, M. musculus, G. gallus, X. tropicalis, D. rerio, D. melanogaster, L. vannamei, C. elegans and S. cerevisiae) was made on the basis of multiple lines of evidences. (i) The orthologous groups of GH18 genes were primarily determined by querying the NCBI HomoloGene database (http://www.ncbi.nlm.nih.gov/sites/entrez?db=homologene).
(ii) As the fundamental and complementary method, the putative orthologs were identified or verified by NCBI tblastn searching against assembled genomes, adopting the default parameters. (iii) The "Orthologue Prediction" function of the Ensembl database helps to identify putative orthologs of GH18 genes in whole genomes (Birney et al. 2006) . Table II was presented to illustrate the evolution paths, as well as gene gain and loss of the GH18 family. GH18 members in a column (a designated model organism) are paralogs. Proteins in a row (the model organisms were arranged in the way of from simple organisms to complex organisms) are orthologs. Each row stands for a distinct evolutionary path of the GH18 family member. At a designated species (column), a row may be split into several rows which indicates novel GH18 member appeared and evolved in different paths (for proteins in each new row, they are orthologs). At the same time, the evolution path may end in a designated organism (the protein name was replaced by "/") and thereafter (gene lost). Exceptional case of unknown ortholog was marked as "?". The undiscovered GH18 orthologs in a definite organism may be explained by (i) the genes have not be identified in this organism due to the shortness of whole genome information or (ii) the later GH18 members have different origins (the species that novel gene was first gained is not included in our study).
Determination of protein domains
The signal peptides were predicted by SignalP3.0 (http:// www.cbs.dtu.dk/services/, SignalP) using both nearestneighbor and hidden Markov model algorithms (Bendtsen et al. 2004 ). The catalytic domains were determined by sequence alignment against the 39 kDa catalytic domain of the human chitotriosidase whose crystal structure has been properly determined (PDB ID: 1LQ0). The ChtBs were predicted by ScanProsite (http://www.expasy.org/prosite/; Hulo et al. 2008) . S/T-rich linkers were assigned if the serine and threonine components of a peptide region are greater than 50%. PEST domains, regions rich in proline (P), glutamic acid (E), serine (S) and threonine (T), were predicted by PESTFind with a threshold score of +5.0 (http://www.at. embnet.org/embnet/tools/bio/PESTfind/).
Construction of phylogenetic trees
As the diversity of GH18 members in whole sequence, the construction of phylogenetic trees was based on the relatively conserved catalytic domain. For members with multiple catalytic domains, each domain was extracted for alignments and used for tree construction. Multiple sequence alignments of catalytic domains were first demonstrated using MUSCLE3.6 (Edgar 2004) . The results were further refined manually with careful consideration of the exon-intron boundary in genes or the secondary structure in proteins. Phylogenetic trees were then constructed based on the multiple alignments using the neighbor-joining method provided by the software MEGA4 (Kumar et al. 2004 ) under the Poisson correction amino acid substitution model with uniform rates among sites (Dohm et al. 2006; Montanini et al. 2007 ). Bootstrap analysis was conducted using 1000 replicates to test the robustness of the phylogenetic tree.
Supplementary data
Supplementary data for this article is available online at http:// glycob.oxfordjournals.org/.
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